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The dark side of glucose 

N n-enzymatic glycation, cellular receotors ™m ~ 

IS eX DO IP H trt r^,.^ ...... wo I J. 



I 



Proteins or lipids exposed to reducing 
sugars become non-enzymatically gly. 
cated and oxidized. Initially, reversible 
early glycation adducts form, the best 
known of which is haemoglobin A„, 
(used for long-term monitoring of glu- 
cose control in patients with diabetes) 
Following complex molecular rearrange-' 
ments, the irreversible advanced 
glycation end products (AGEs) develop 
These constitute a heterogeneous class 
of structures of yellow-brown color 
with a propensity to form crosslinks,' 
that generate reactive oxygen interme- 
diates and interact with particular cell 
surface structures. Although the yellow- 
brown glucose-modified structures were 
long recognized in food chemistry for 
their role in spoilage (the Maillard reac- 
tion), it was the insight of Anthony 
Cerami in 1977 that led to considering 
the pathobiological implications of non- 
enzymatic glycation. Work described in 
this issue of Nature Medicine by Li et al • 
continues to build on Cerami's funda- 
mental insight. 



Ann Marie Schmidt, 
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When does non-enzymatic glycation 
occur in vivo? Conditions favouring AGE 
formation include those in which pro- 
tein and/or lipid turnover is prolonged or 
delayed on lysine-rich structures, espe- 
cially m the setting of elevated levels of 
aldose and aldose phosphates. Such con- 



ditions occur during normal ageing are 

accelerated in diabetes' and arf also' re ! 
evant to the pathogenesis of disorders 
characterized by amyloid formatio ; S 
and protein deposition, such as 

a ndT d H a,ySiS ' aSS ° Ciated acidosis 
and Alzheimer's disease-. For example, 

m Alzheimer's disease AGE-modificanon 

occurs on components of the intracellu- 

Ur neurofibrillary tangles", consistent 

tTons o??T ted glyCaU ° n Und " ™ndi- 
llr M gh COncentra «°ns of intracel- 
lular aldose phosphates', and in 

cTnl ' Furtnermore ' AGE formation 

as ?n h™' °T> ^ thC '"S'y^c state, 
as n hypercholesterolemic rabbits with- 
out diabetes, in which macromolecules 
are trapped in the P »n 3 „rf.j «««.uies 
nf fh» . ex P ar »ded neointima 

of the ^atherosclerosis-prone animals'. 

AGE-modification of proteins and 
'•pids has important biological impiica- 

Zm^' ,iVed Prmein$ in the 
luia. matnx are targets of non-enzymatic 

glycation, and the resulting crosshnked 
and protease-resistant structures promote 
trapping of macromolecules and accu- 
mulation of insoluble aggregates Th» 
presence of AGEs in the uSg£J£ 



ifies cellular interactions, as , 
mon 0 n uclear phagocytes. Whereas s 

How Pr ° m0te mo "°cyte migra, 
down a concentration gradient, the r 
ence of immobilized AGEs arrests m 
cvtes, resulting in their subsequ 
sustained activation- In the comex 
the vessel wall in diabetes, endotheli 
and smooth muscle cells are in intim 
contact with both basement membr; 
and plasma components, constituting 

conside , mi,ieU (Fig - l "' The " ! 
considerauons apply to mesangial c e : 

embedded in a matrix abundfnt wi 
AGEs. It « evident that the impact 
AGEs on cellular properties is a major c 
termmant of their potential contribute 
to organ dysfunction. 
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Fig. 1 Diabetic versus normal vasculature- ACE andw^^^^^^™ 

(a) and RACE epitopes (c) in adjacent seSom af C °- ,oca,i2ati <'" of ACE antigen 

absence in age-matched contro val^ /.l^^ VaSCU ' atUre ( °' C) Ver ™ »* 
A^-punfied anti-ACE ,gC and ^ ^2^' 1°' *" ^ 

antigens'. Magnificat* n, X260. Cd to v,sual «e their respective 
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%Z>a£** pmurb c ,,ular 

turns? AGEs act on cells as a cons 
quence of their recognition of « 
surface polypeptides on target ceH 
Several binding sites for AGEs See 
identified"-"- the h»t -i, 
th«P ,« h J 1 cr,ara «erized c 

these to date « a member in the irr 
niunoglobulin superfamily Terme 
Receptor for AGE or RAGE". This re^r 

tTJal^ monocyte -S2 

othe h H reSP ° nSe t0 AGEs < a, *oug] 

t° oute- En* SitK may a,so c °" 
trmute . Engagement by AGE of en 

do helial h RAGE induces ceLar ortdan" 
stress , thereby increasing vascular oer 
meability and activating the ^anX 
•on fact °' W-<B; one conseque^ £ 
the latter event is cell surface «p,£L° 

fvc^S r ce " adhesion m 

tex^V " ™™°«»y « this con- 
text that this adherence molecule is 
associated with the early phase of expert 

-ntalatherosclerosis^nthe^: 
ture, RAGE is upregulated in a range of 
vasculopathies, in atherosclerotic v£ci- 

nflamZ ^ * ™ d in imn »™- 
mflammatory vasculites. An intrigui nB 

aspect of the biology of RAGE is taS 

ihth w e ;r s r ta deve,opin s b ^ 

which we have hypothesized that it inter- 

S With K Ugand(s > from AgS !„ 

feet we have identified the neurite-pro- 
nioting polypeptide amphoterin, which 
>s co-expressed with the receptor in 
neonatal brain, as a ligand f RAGE" It is 
known that a single receptor can recog" 
n«e and bind to more than one biSo?- 
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Fig. 2 Schematic depic- 
tion of the environmental 
milieu in which a soft tis- 
sue infection occurs in dia- 
betes. ACE, Advanced 
glycation end product; MP, 
mononuclear phagocyte; 
PMN, polymorphonuclear 
leukocyte; EC, endothelial 
cell; VCAM-1, vascular cell 
adherence molecule-1; TF, 
tissue factor procoagulant 
activity. 



cally relevant ligand; this is especially 
true of immunoglobulin superfamily 
molecules, such as intercellular adhesion 
molecule-l (ICAM-1). 

When RAGE was first identified as a re- 
ceptor for AGEs, it was found that lacto- 
ferrin also bound to AGEs, as well as to 
RAGE (refs 12, 17). In fact, on certain cell 
types, cell surface RAGE appears to be 
complexed with lactoferrin and/or a 
lactoferrin-like polypeptide. Studies 
showing that AGEs bind to macrophage 
scavenger receptors' 3 and other polypep- 
tides 11 present on the cell surface lend 
support to the hypothesis that a com- 
mon structure present in AGEs might in- 
teract with a motif shared by these 
'acceptor' molecules. The work by Li et 
al. 1 has provided a concrete step in this 
direction by defining a cysteine-bounded, 
hydrophrlic motif in lactoferrin and 
lysozyme that appears to mediate the 
binding of AGEs. Binding of AGEs to ei- 
ther of the latter polypeptides antago- 
nized their antibacterial properties, 
leading the authors to propose that this 
could contribute to the association of di- 
abetes with increased susceptibility to in- 
fection, especially in view of the presence 
of a similar hydrophilic motif in other 
antimicrobial proteins. 

Taken together, these data suggest the 
following milieu in which a soft tissue 
infection occurs in diabetes (Fig. 2). 
Microbial invasion is superimposed on 



an interstitium and microvasculature 
rich in AGEs, both those immobilized in 
extracellular matrix and soluble AGEs. 
The presence of AGEs renders vascular 
endothelium hyper-responsive to in- 
flammatory cytokines' 2 , diminishes the 
activity of antibacterial hydrophilic 
polypeptides released from neutrophils' 
and serves to attract, retain and chroni- 
cally activate mononuclear phago- 
cytes'^' 2 . Each of these factors favours 
extensive tissue destruction rather than 
containment and resolution of the infec- 
tion. This resembles a two-hit model in 
which the sustained presence of AGEs 
places the host at a disadvantage in deal- 
ing with future environmental chal- 
lenges, in this case, infection. The 
situation may be particularly devastating 
when viewed in the context of other 
AGE-independent mechanisms which 
have also been implicated in the en- 
hanced susceptibility of patients with di- 
abetes to infection (see table). 

What approaches are there for dealing 
with AGEs in pathologic settings? 
Based on the considerations described 
above, one could conclude that consider- 
able clinical benefit would accrue by ei- 
ther blocking preformed AGEs and/or 
preventing further non-enzymatic glyca- 
tion. In this context, we have found that 
the extracellular domain of RAGE (solu- 
ble RAGE) binds avidly to AGEs and 



seems to render them biologically inert 
with respect to interaction with target 
cells' 2 . It is likely that peptides or other 
structures modelled on the motif identi- 
fied by Li et aV might also bind AGEs, 
preventing their interactions with certain 
polypeptides, such as the hydrophilic 
antimicrobial proteins. Alternatively, 
aminoguanidine, an admittedly c mplex 
agent with multiple activities, has the ca- 
pacity to limit AGE formation and is in 
clinical trials for possible beneficial ef- 
fects on diabetic complications". 

From this discussion of AGEs, one is 
likely to draw the conclusion that their 
mischief takes many forms, resulting in 
disturbances to a range of critical cellular 
targets. With the availability of reagents 
to block AGE-protein/cellular interac- 
tions, and to prevent formation or 
induce degradation of AGEs, it can be an- 
ticipated that cause-effect relationships 
will now be more readily dissected and 
defined. On the one hand, it is tempting 
to speculate, as we and others have, that 
AGEs reflect cumulative changes in 
macromolecules that occur during age- 
ing, thereby modulating properties of 
extracellular matrix and perturbing cellu- 
lar functions and consequently placing 
the host in a disadvantageous position 
with respect to combating stressful situa- 
tions. Alternatively, highly crosslinked 
and insoluble AGEs might pr vide a rela- 
tively inert way to store over the years 
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molecules sensitive to wear and tear, and 
their target cellular receptors may repre- 
j sent a way to further detoxify them. 
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Constraining the ceil cycle: Regulating cell division 

and differentiation by gene therapy 

Control of cancer by gene therapy wilt require choosing the right genes (1052-1056). 



In the past few years, our knowledge of 
the regulation of the mammalian cell 
cycle has burgeoned. Numerous cyclins 
and their cohorts, the cyclin-dependent 
kinases, have been identified whose ebb 
and flow control the progression past 
various checkpoints in the cell cycle. A 
growing number of cyclin-dependent ki- 
nase inhibitors (hereafter referred to as 
CDKIs) in rum control the activity of the 
cyclin-dependent kinases 1 . But how do 
the CDKIs relate to the cell-cycle dysreg- 
ulation apparent in actively proliferating 
tumours? Yang et al., in this issue of 
Nature Medicine 2 , demonstrate that a viral 



Dan T. Stinchcomb 

vector containing a gene encoding one 
CDKI, p21, can inhibit tumorigenesis in 
vivo. Expression of p21 in the tumour 
cells not only inhibits cell proliferation, 
but simultaneously induces cell differen- 
tiation. This paper, in concert with the 
detailed studies of p21 expression and 
function already in the literature, 
demonstrates that p21 is a classic master- 
switch gene, regulating the decision to 
divide or differentiate (see figure). Thus, 
p21 is one of the constraints the human 



organism places on cell proliferation; 
manipulating its activity may provide a 
logical means of treating neoplasia. 

p21 is the nexus between the regula- 
tory circuits of the notorious tumour 
suppressors, p53 and Kb* p53, whose ac- 
tivity can be induced by DNA damage, in 
turn induces expression of p21 (ref. 3). 
The CDKI activity of p21 then inhibits 
the activities of several cyclin-dependent 
kinases, preventing the phosphorylation 
of the Rb protein, pRb. When phospho- : 
rylated, pRb is inactivated and can no 
longer sequester the transcription factors 
of the E2F family. E2F transcription 



1004 



NATURE MEDICINE. VOLUME 1. NUMBER 10, OCTOBER 1995 



